Introduction
Carbon and mild steel alloys have great importance in a variety of industrial applications because of their excellent mechanical properties and low cost. However, they are highly unstable in aggressive environments mostly during acidic cleaning processes. minimize the probability and rate of corrosive dissolution. The non-bonding and p-electrons of heteroatoms and multiple bonds offer co-ordination bonding with d-orbitals of the metals thereby they adsorb and form protective hydrophobic lms.
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Epoxy monomers are widely used in several industrial domains such as high performance adhesives, coatings, construction, architecture, automotive and aeronautical due to their good adhesion ability to the metal surfaces, excellent chemical resistance and good durability. 11, 12 Epoxy monomers are well established oxygen containing three membered heterocyclic compounds. 13, 14 Recently, use of corrosion inhibitors based on some aromatic epoxy monomers (AEMs) has gained particular importance because of their relatively high protectiveness, the facile route of synthesis and high purity. 15, 16 We herein, synthesized two aromatic epoxy monomers (AEMs) as trifunctional molecules designated as AEM1 and AEM2 and tested their anticorrosive properties on the corrosion of carbon steel in 1 M HCl media. Novelty, of the study is lying behind the facts that these AEMs have never be tested as corrosion inhibitors for steel alloys and they offer reasonably high inhibition efficiency at relatively low concentration. Obviously, AEMs are associated with extensive conjugation in the form of heteroatoms (N, S, and O) and p-electrons by way of which they can a Laboratory of Agroresources, Polymers and Process Engineering (LAPPE), Department of Chemistry, Faculty of Science, Ibn Tofail University, BP 133, 14000 Kenitra, Morocco adsorb effectually and obstruct corrosion thereaer. Both the tested AEMs have similar molecular structure and they differ from each other with respect to the nature of heteroatoms. Therefore, present study is mainly focused and designed to demonstrate the effect of heteroatoms and their electronegativity on the corrosion inhibition of carbon steel in acidic medium. Both inhibitors were synthesized using commercially available cheap and non-toxic chemicals and solvent (isopropyl alcohol/water) in high yield. The inhibition effect of AEMs was studied using experimental and computational methods using PDP, EIS, DFT and MD methods. Computational and experimental outcomes showed that inhibitor containing relatively less electronegative sulfur atom (AEM2) acts as superior corrosion inhibitor as compared to the inhibitor having more electronegative oxygen atom (AEM1). The results derived from various techniques were in good agreement.
Experimental

Materials
Carbon steel employed in our previous reports has been used in the present study.
14, 16 Test solution (1 M HCl) was prepared by dilution of 37% analytical grade HCl. The aromatic epoxy monomers were synthesized by the practice described in the literature. [17] [18] [19] [20] Schematic diagram for the preparation of the aromatic epoxy monomers (AEMs) is shown in Fig. 1 . In brief, a mixture of an aromatic epoxy monomers compound (10 À2 mol) and ethanol (10 mL) was added in condenser tted twonecked RB ask. In the above solution, 2.5 mL of epichlorohydrin was added at once. Aer stirring the resulting mixture at 70 C for 4 h, mixture was allowed to cool down to 40 C. Aer that, 3 mL of NEt 3 was added in the mixture and stirred again for 3 h. The excess epichlorohydrin and the residual solvent were removed using a rotary evaporator in order to obtain the desired viscose solution of resin. Both aromatic epoxy monomers were characterized using 1 H NMR, 13 C NMR and FT-IR spectroscopic characterization techniques is shown in Fig. SI 1 2925, 2877 (C-H vibration), 1600, 1500, 1450 (C]C aromatic), 1000-1400 (C-N, C-O, C-S vibration), 950, 835 (epoxy groups)).
Electrochemical measurements
Before performing the experiments, the steel specimens were polished with grit sand papers using different grades (180 to 1000), rinsed with alcohol and distilled water. Stock solution of the inhibitors (AEM1 and AEM2) was prepared by dissolving them in small amount (nearly 2 mL) of isopropyl alcohol followed by the addition of tested electrolyte. The electrochemical behavior of an aromatic epoxy monomers (AEMs) was studies using Potentiostat (BioLogic SP-200) instrument as designated in our prior reports. 11, 12 In order to get more accuracy and reproducibility of experimental data, the electrochemical studies were performed triply at each tested concentration of the AEM1 and AEM2 and mean values are reported.
Computational details
For DFT study, both AEM1 and AEM2 were geometrically optimized using B3LYP/6-31+G(d,p) level in both gas phase and in aqueous solution as described elsewhere. All calculations were performed using the G09 suite program. [21] [22] [23] [24] [25] [26] [27] [28] To validate the experimental results and to gain a deeper insight into the reactivity of the studied AEM1 and AEM2 compounds, the calculated quantum global parameters, which were extracted based on the values of the highest occupied and lowest unoccupied molecular orbitals (E HOMO and E LUMO ) were used. Different DFT parameters are calculated as follows:
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The ionization potential:
The electron affinity:
The energy difference between E LUMO and E HOMO ,
The electronegativity:
The global hardness:
The fraction of electrons transferred:
The initial molecule-metal interaction energy:
The electron transfer electron back-donation: 
Molecular dynamics simulation
The interaction between AEM1 and AEM2 in their neutral as well as in their protonated (cationic) forms and metal surface was studied employing the molecular dynamics (MD) simulations. MD simulations were carried out using 49 It is also observable that at most of the tested concentrations, OCP versus time curves are shied towards more positive (anodic) directions. This implies that AEM1 and AEM2 are acted as predominantly anodic type inhibitors with predominant anticorrosive effect on anodic reaction. Table 1 . The surface coverage values at different concentrations of the AEMs were derived by dividing the percentage of efficiency by 100. Extrapolation of the linear segments of the PDP curves gives the values of i corr through which inhibition efficiency (h PDP %) of AEMs was calculated as follows:
whereas, i 0 corr and i corr represent the corrosion current densities without and with the AEMs correspondingly.
From the results it can be seen that E corr values for inhibited cases did not showed any signicant change as compared to the E corr value of uninhibited case which implies that both AEM1 and AEM2 acted as mixed type corrosion inhibitors. Observation of the results showed that presence of the AEMs affected both anodic as well as cathodic reactions without affecting the common characteristics of PDP curves. 50 This observation showed that AEM1 and AEM2 inhibit metallic corrosion by blocking the active sites without affecting mechanism of anodic and cathodic reactions. Further, it can also be seen that at most of the studied concentrations the anodic Tafel slope values (b a ) showed slightly higher shi as compared to the values of cathodic Tafel slope values (b c ) which suggested that both AEM1 and AEM2 have marked effect on anodic dissolution as compared to the cathodic hydrogen evolution reaction. It can also be noted that values of E corr are shied towards more positive i.e. anodic direction with the presence the different concentration of AEMs. On this basis, it can be assumed that AEMs are acted as mixed type inhibitors with anodic predominance. Blocking of the active sites of metals can be resulted due to the adsorption of the AEM1 and AEM2 can using their several heteroatoms (N, S and O) that offer non-bonding electrons and aromatic rings that offer p-electrons for metal-inhibitor interactions. Apart from the metal-inhibitors (AEMs) interactions, presence of heteroatoms in the form of polar functional group(s), enhances the solubility of the investigated inhibitor molecules. 51 3.1.3. EIS study. The Nyquist plots for metal dissolution in 1 M HCl with and without AEM1 and AEM2 are presented in Fig. 4 . It is easy to notice that all these Nyquist plots curves present a single capacitive loop in the frequency range of 100 kHz to 10 mHz, which is usually related to charge transfer phenomenon. 52 The imperfection in the semicircle is resulted because of the frequency dispersion that resulted mainly due to the rough and inhomogeneous metallic surfaces. 53 Careful observation of the Nyquist plots showed that diameters of the plots are increasing on increasing the concentration of AEM1 and AEM2 and maximum increase was observed at 10 À3 M concentration. This observation suggested that resistance for the metallic corrosion in acidic medium of 1 M HCl is increasing on increasing the concentration of AEM1 and AEM2.
The tted Nyquist and Bode plots and equivalent circuit used far the evaluation of EIS parameters are shown in Fig. 5 . The CPE is dened as the below eqn (10):
In the above equation, all symbols have their usual meaning.
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. The capacitance values (C dl ) is calculated using eqn (11): The inhibition efficiency h EIS % is calculated using the values of polarization resistance R P using following relationship:
where, R 0 P and R P are the polarization resistances without and with AEMs, respectively. As can be seen from Table 2 , the R P values are increasing on increasing the AEMs concentrations. It can also be seen that increase in R P value at tested concentrations of AEMs are relatively greater of AEM2 as compared to the AEM1 which showed that AEM2 is better corrosion inhibitor as compared to the AEM1. 58 The high inhibition efficiency of the AEM2 is might be resulted due to the presence of less electronegative sulfur in its molecular structure atom that generally offers strong bonding with the metallic surface. AEM1 and AEM2 showed that highest inhibition efficiencies of 94.3% and 95.4% respectively. Moreover, the C dl values diminish on enhancing the concentration for the AEMs which is resulted from the increase in the thickness of the protective layer and/or the decrease in local dielectric constant. 59 Bode modulus plots with and without aromatic epoxy monomers (AEMs) are given in Fig. 6 . Analyze of the gure displays that the magnitude of slope values for the inhabited (by AEMs) curves are greater than that of the uninhibited curve. Among the investigated AEMs, AEM2 (Fig. 6b) showed higher slope value than that of AEM1 (Fig. 6a ) which implies that AEM2 has higher effectiveness towards the interaction with metal surface as compared to the AEM1.
The corresponding Bode plots for the corrosion of metal in acidic medium are given in Fig. 6c and d , that show a single maxima in the absence and presence of all concentrations of AEM1 and AEM2 which is a common characteristics of carbon steel corrosion in acidic medium. 60 Increase in the phase angle values of inhibited (by AEMs) Bode plots is resulted due to increase in the metallic surface smoothness due to the adsorption of AEM1 and AEM2 at the interface of metal and electrolyte. 
Adsorption studies
In the present study, adsorption behavior of AEM1 and AEM2 is investigated using several commonly used adsorption isotherm models among which most frequently used Langmuir adsorption isotherm gave the best t. 61 The linear form of Langmuir adsorption isotherm is represented in eqn (13):
In which C inh is the concentration of the compound, q is surface coverage degree and K ads is the equilibrium constant. The association between C inh and C inh /q yielded straight lines with intercepts of K ads as shown in Fig. SI 3 . † From the K ads values, the DG ads values were calculated using eqn (14) and (15) 
where, R represents universal gas constant, value 55.55 is the molar concentration of water (M) and T is an absolute temperature. 
Effect of temperature
The inhibition performance of AEMs at their optimum concentrations was tested at different temperatures (298, 308, 318 and328 K) using PDP measurements and results are presented in Fig. SI 4 and Table SI 2. † It can be see that increase in temperature causes signicant increase in the i corr without affecting the common features of polarization curves. This is due to the desorption of adsorbed AEMs molecules from the metallic surface at elevated temperatures. 45 The effect of temperature can be demonstrated using Arrhenius and transition state equations: 
where, A is the pre-exponential factor, DS a is the entropy of activation, DH a is the enthalpy, N is the Avogadro number, h is the Planck constant. Results (Fig. SI 5 †) showed that E a values are higher in the presence of AEM1 and AEM2 as compared to in their absence which implies that both AEM1 and AEM2 adsorb through physisorption mechanism that takes place during the initial stage of the metal-inhibitors interactions. 69 Positive values of DH a suggested that interaction of AEM1 and SEM2 with metallic surface is an endothermic process whereas large negative values of DS a suggested the creation of active complex and dissociation of the complex is the rate determining step.
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Comparative efficiency
Literature study reveals that few of the aromatic epoxy monomers based organic inhibitors have been evaluated for their anti-corrosive behavior for metals and alloys in different electrolytic media. [14] [15] [16] 71, 72 Inhibition effectiveness of some common representatives of the similar inhibitors is presented in Table 3 . It can be seen that these types of compounds are acted as good corrosion inhibitors and their molecules structures contain N, O, S and/or P heteroatoms along with the aromatic ring(s).
Theoretical studies
3.5.1. Quantum chemical calculation. Fig. 7 and 8 show the optimized structures, the frontier molecular orbitals and electrostatic potential maps of the neutral and the protonated species of the studied compound in aqueous solution. According to FMO theory, the chemical reaction mainly occurred on HOMO and LUMO sites of the molecules. The values of the HOMO and LUMO energies give additional understanding related to the ability of electron donation and acceptation to and from the metal surface. In this sense, the electron dissemination of HOMO and LUMO is a challenging way to forecast the reactivity and, therefore, the capability of the inhibitor compounds to adsorb onto the metal surface. Depending on FMO theory, higher value of E HOMO signies that the inhibitor has a higher ability to transfer its electrons to suitable acceptor molecule whereas converse it true for E LUMO . [73] [74] [75] [76] Therefore, a lower E LUMO value implies that inhibitor is more plausible to accept electrons. 77 The energy gap (DE) is a very useful quantum parameter, which measures the chemical reactivity and complexation with the metal surfaces. 78 It was found that the lower value of the energy gap is generally correlated with high chemical reactivity. The lower energy gap inhibitor, the higher inhibition efficiency one.
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Table 4 displays the computed results of total energies, dipole moments, E HOMO and E LUMO , and the estimated quantum parameters of the protonated and no protonated structures of the investigated inhibitors in both gas phase and in aqueous medium. In section of Table 4 indicates that the E HOMO of AEM2 in its protonated form, in both media, is higher than that of AEM1, which leads us to expect that the protection effectiveness of AEM2 is superior to AEM1. This nding is healthy interrelated with the obtained experimental results (AEM2 > AEM1). Whereas, the order is reserved when the nonprotonated species are considered. It is also found that the trend in E LUMO values of the protonated species in aqueous phase follows the order: AEM2 < AEM1, which is also well correlated with the experimental ndings. On the other hand, there is no correspondence among the experimental results and computed ones when the non-protonated species were taken into account. Based on these results, thereaer, our attention will be focused on the on the results obtained for the protonated species in the aqueous which is similar to the corrosion medium used in the experimental study.
As indicated from Table 4 , the values of the energy gap between E LUMO (ability to accept) and E HOMO (ability to donate) follow the order AEM2 (5.271 eV) < AEM1 (5.463 eV). This nding reects that AEM2 has the higher inhibition efficiency than AEM1, because lower energy gap causes the improvement Mild steel 98.0 72 Fig. 7 The optimized molecular structures, HOMO and LUMO of the neutral inhibitor molecules AEM1 (a) and AEM2 (b) using B3LYP using functional and 6-31+G(d,p) basis set.
on molecular reactivity, which facilitates reactivity. It is also found that the global hardness value of AEM1 (2.733 eV) inhibitor is greater than of the AEM2 molecule (2.636 eV), therefore, the trend of the protection effectiveness of the investigated inhibitors as follows: AEM2 > AEM1.
The DN values were derived using eqn (6) . It was previously reported that the aptitude of a compound to transference its electrons to or from the iron surface can be indicated by measuring the DN value. It was found that for DN > 0 case, the electron is transferred from inhibitor to metal and, vice versa, if DN < 0. [81] [82] [83] 85 Our results (Table 4) show that, the positive values of DN on all iron planes (100), (110) and (111) are more positive for AEM2 (1.679, 2.879 and 1.640) than AEM1 (1.609, 2.852, 1.568). These results suggest the higherability of AEM2 to give electrons to the iron surface than AEM1. It is also found that the donation of electrons from the inhibitor to the 110 plan is the most positive among all cases. Sastri and Perumareddi 84 was calculated Dj using eqn (7) . Dj is also considered as an important property it is found that the trend in Dj follow the order AEM2 (1.379 eV) > AEM1 (1.282 eV) ( Table 4 ). This indicates that AEM2 molecule has an inhibition efficiency greater than AEM1 molecule, which also agrees with the experimental results.
The DE back-donation (DE b-d ) parameter was calculated using eqn (8) . DE b-d suggests that back-donation or retro-donation progression i.e. electron transfer from metal surface to inhibitor (AEMs) molecules. 85 Eqn (8) implies that when the hardness (h) of the inhibitor is higher than zero or DE b-d is less than zero. The process is energetically favored. Our results displayed in Table 4 indicate that DE b-d < 0, therefore, the charge transfer to an inhibitor followed by back-donation from the inhibitor is dynamically favorable. The calculated DE b-d values follow the order AEM2 (À0.659 eV) > AEM1 (À0.683 eV), which also correlates with the experimental results.
Finally, the computed dipole moment of the investigated species in all proposed cases are also gathered in Table 4 . Xianghong, et al. 86 reported that the high value of m possibly increments the interactions between adsorbate and adsorbent. Results in Table 4 reveal that the dipole moments of the protonated AEM2 inhibitor in aqueous medium is 1.13 Debye and it is higher than that of the AEM1 molecule. Therefore, the inhibition efficiency trend may follow the order AEM2 > AEM1. Another important quantum index is the proton affinity (PA).
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Results presented in Table 4 showed that the proton affinity of AEM2-H + (Fig. 6b ) is higher that of the AEM1-H + (Fig. 6a ) which establishes that effectiveness of the AEMs obeyed the order: AEM2-H + > AEM1-H + . This nding is in good agreement with the reported experimental data. Results of N-protonated species in Fig. 8 The optimized molecular structures, HOMO and LUMO of the protonated inhibitor molecules AEM1-H + (c) and AEM2-H + (d) using B3LYP using functional and 6-31+G(d,p) basis set. aqueous solution have the same inhibition efficiency order as in the case of the neutral and the opened epoxy rings. 3.5.2. Molecular dynamics simulation. The nature of metal-AEMs interactions and orientations of AEMs on metallic surface was further studied using MD simulation method. The equilibrium congurations (top and side view) of the inhibitors in neutral and protonated forms adsorbed on the Fe(110) surface are shown in Fig. 9 . It can be seen that the neutral inhibitors adsorb on the metal surface through the nitrogen (N), oxygen (O), sulfur (S) atoms as well as the aromatic rings. The adsorption energy (E ads ) for AEMS adsorption can be calculated as follow (18):
where, E total is denote the total energy related to metal-AEMs interactions, which include iron crystal, the adsorbed inhibitor molecule and solution; E surf+water and E inh+water are the potential energies of the system without the inhibitor and the system without the iron crystal, respectively; E water is the potential energy of the water molecules. indicate the spontaneous behaviour of metal-AEMs interactions. The more negative value of E ads for AEM2 as compared to the AEM1 indicates that later case has relatively strong probability of metal-inhibitor interactions as compared to former one. 88 It can also be seen that E ads values are higher for neutral form of the AEMs as compared to the protonated form of the AEMs which implies that interactions between AEMs and metallic surface mostly followed the chemisorption mechanism. Effect of the temperature for AEM2 has also been demonstrated using MD simulations and result is shown in Fig. 10 . The calculated values of E ads are À689.2, À665.4, À636.7, and À611.9 kJ mol À1 at 298 K, 308 K, 318 K and 328 K, respectively. From the results it can be observe that increase in the temperature causes signicant decrease in the values of E ads that can be resulted due to increase in the kinetic energy of the inhibitor molecules at elevated temperatures.
Mechanism of corrosion inhibition
On the basis of combined computational modeling and experimental results a simple inhibition mechanism can be proposed for carbon steel in hydrochloric acid medium. AEMs molecules in HCl can protonate and exit in their protonated forms as demonstrated as follows: Metallic surface becomes negatively charged due to adsorption of chloride ions that ultimately attracts the positively charged inhibitor molecules through electrostatic force of attractions. 89, 90 However, AEMs can interact chemically through several heteroatoms such as N, O, S atoms and aromatic rings that offer strong bonding with the metallic surface A possible mechanism of the adsorption of AEM on the steel surface is shown in Fig. 11. 
Conclusions
From above experimental and theoretical studies, it can be concluded that:
(i) AEM1 and AEM2 acted as good inhibitors and their inhibition effectiveness increases with increasing their concentration.
(ii) The PDP results reveal that, the AEMs behave as mixedtype inhibitors with anodic predominance.
(iii) The EIS results suggested that, AEMs molecules protect the carbon steel from corrosion by the formation of a protective lm at the metal-electrolyte interface.
(iv) Adsorption of the tested AEMs molecules obeyed Langmuir adsorption isotherm.
(v) Values of DG ads suggested that AEM1 and AEM2 mainly interact through chemisorption mechanism.
(vi) The chemisorption mechanism was further supported by MD simulations study.
(vii) Theoretical results derived for neutral and protonated forms of the AEMs in both gas phase and aqueous solution indicated that AEM2 acted as is more efficient inhibitor than AEM1.
(viii) The more negative value of E ads for AEM2 as compared to the AEM1 indicated that AEM2 acted as is more efficient inhibitor than AEM1.
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